Background. Visuomotor abnormalities are common in aging and age-related disease, yet difficult to quantify. This study investigated the effects of healthy aging, sex, and handedness on the performance of a tracing task. Participants (n = 150, aged 21-95 years, 75 females) used a stylus to follow a moving target around a circle on a tablet computer with their dominant and nondominant hands. Participants also performed the Trail Making Test (a measure of executive function).
V ISUOMOTOR abnormalities are common in aging and age-related diseases, yet difficult to quantify. Brief clinical exams of neuromuscular performance focus on qualitative assessments, including obtaining a patient history, assessing the patient's cognitive status, motor and sensory functions, coordination, and reflexes. Performing these exams requires medical expertise, with the exams rated on scales with coarse gradations and subject to interobserver variability. In addition, assessment of progression over time may lack objectivity and sensitivity. Thus, there is a clinical need to obtain an objective value with sufficiently high resolution quantifying a patients' neuromotor functionality.
Previous work has shown that clinically important information is encoded in the nonlinear fluctuations of physiological time series (1, 2) . These fluctuations represent the dynamics of the underlying physiological control systems and the nonlinear interactions between the multiple inherent regulatory mechanisms. For example, fine motor movement variability has been shown to increase with age, specifically with impairments in executive control (3) . However, traditional measures of variability (eg, standard deviation, spectral power) may not fully characterize the nonlinear structure of the physiological time series, as the physiological control mechanisms normally operate over many time scales (4) . From biological and clinical points of view, complexity is related to adaptability and system function (5-7). One computational tool developed to analyze complex-appearing signals is called multiscale entropy (MSE). This method quantifies the information content of a time series over a range of scales (5, 6) . Studies have shown that disease and aging are associated with a loss or degradation of complexity, which in turn reflects system adaptability. For example, patients with congestive heart failure or those with atrial fibrillation (5, 8) , as well as patients with an acute major depressive episode (9) showed a marked reduction in cardiac interbeat interval complexity compared with healthy control participants. Older adults have also shown a reduction in balance complexity compared with younger adults (10) .
To assess the integrity of the visuomotor system, we developed a continuous motion-tracing task based on a rotary pursuit model (11, 12) . We extend this model by defining "microcontrol adaptations" as the real-time error corrections that occur during the task. These microcontrol adaptations may be adjusted by feedforward or feedback control mechanisms and rely on real-time sensory processing. Previous work has shown that age-related motion effects can be attributed to deficits in online sensing and feedforward control (17) . Thus, we also examined the percentage of time within the target region (PTTR) to evaluate the accuracy of the user's imposed control method.
Previous studies of human movement have shown that even continuous motions are composed of quantized submovements (18, 19) . These submovements were observable after stroke as isolated movement segments that became more overlapped with recovery (19, 20) and in babies prior to maturing their reaching strategies (21) . The literature contains differing interpretations as to why submovements are generated. Although some studies suggest that the submovements are corrective adjustments (19, 22, 23) , others suggest that the generation of submovements are a compensatory mechanism due to decreased movement smoothness (24) . For the task described here, we measured submovement concatenation by recording the micropause timing of the participant's tracing activity, which was defined as the time when the velocity was zero. Because the tracing task involved a continuous motion, we assumed that pauses were primarily due to delays in concatenation of submovements and thus provided an indication of neurological performance.
Previous arm-reaching studies have shown that although the dominant and nondominant hand had similar end point errors, there were different hand paths to achieve the goal, implying a different neural organization to perform the task (25) . Further, adaptive-reaching studies have shown that with aging, there are degradations in interlimb transfer of motion information (ie, initial training with one hand in a new environment would be reflected with increased performance of the other hand) (26) . Therefore, in this study, we examined a visuomotor-tracing task where the participant was asked to follow a moving target with dominant and nondominant hand as a surrogate for neurological functionality. We hypothesized that with aging and use of the nondominant hand (a) the absolute mean and variance of the error would increase, (b) the complexity index (CI) would decrease, (c) the PTTR would decrease, and (d) the cumulative micropause duration (CMD) would increase.
Methods

Task Development
Time series suitable for assessing the integrity of neuromotor control require numerous, consecutive data points. Further, because the goal was to examine the fluctuations in the time series, a simple target signal was desired as any complexity found in the fluctuations would be due to the person performing the task with minimal effects of the task itself. We selected a circular-tracing task. Measures derived from tracing a circle have previously been shown to correlate with gross gait and posture measurements in those with Parkinson's disease (13, 15) and attention deficit disorder (14) . We hypothesized that this type of task would also provide information useful for assessing the integrity of visuomotor mechanisms in putatively healthy adult participants across a wide range of ages.
Target velocity represents a trade-off between speed and accuracy in task performance, as originally shown by Fitts (16) . Faster motions permit less error correction and thus have decreased accuracy with respect to slower ones. The speed of the moving target was selected through pilot testing, with the goal of achieving a speed that was slow enough to allow for microcontrol adaptations (error corrections), but not so slow that the participant would consciously stop and wait for the target to move. These pilot tests led to selecting a speed of 18 deg/s around a circle with a 400-pixel (8.13 cm) diameter.
Participants
A total of 152 healthy people provided written consent, and 150 participants completed the study. Two participants were unable to complete the study, one due to the onset of tremors (an exclusion criterion) and the other for not being able to properly follow directions. Procedures were approved by the Harvard Medical School Committee on Human Studies. Participants were recruited if they were between 21 and 95 years of age and were able to follow instructions in English. Fifteen men and 15 women were recruited within five age groups, each spanning 15 years (21-35, 36-50, 51-65, 66-80, and 81-95 years). These age groups were determined a priori based on a power analysis from pilot data. Because this study examined function during a putative healthy baseline, participants were excluded if they had (a) a self-reported or diagnosed neuromotor disorder such as Parkinson's disease, multiple sclerosis, cerebral palsy, attention deficit hyperactivity disorder, or seizure disorders; (b) a visual handicap that prevented them from seeing the objects on a computer screen; (c) any acute or chronic medical conditions potentially affecting neuromotor control (eg, arthritis in the hand or tremors); (d) regular use of medications that could cause tracking errors or induce a tremor (eg, psychotropic and antidepressant drugs, stimulants, and antiemetics); (e) regular tobacco use, more than two alcoholic beverages per day, or recreational drugs; or (f) more than four cups of coffee (or other caffeinated beverages) per day.
Experimental Protocol
Participants began by responding to a brief health and demographic questionnaire (see Table 2 for summary), followed by a near vision test. Participant handedness was determined through self-report in the questionnaire by asking which hand was primarily used for writing. They then used their dominant hand to perform the Trail Making Test, a standard neuropsychological impairment test, which is sensitive to speed of processing (part A) and rule shifting and sequencing (part B) (27, 28) . This test is considered a measure of executive control function. Upon completing the Trail Making Test, participants were provided with instructions regarding the tracing task to be performed on a tablet PC (Panasonic Toughbook H1 Field). The tracing task involved following a red line clockwise around a circle four times using a stylus, with the cursor position indicated by a ball (Figure 1a ). The software was written in-house in Java. The tablet PC running the software was placed 4 in (10.16 cm) from the edge of a table of standard height, with participants allowed to place the chair so they could sit and reach the tablet PC comfortably. Participants performed the task in a predetermined randomized order using their self-reported dominant and nondominant hand. One practice trial was given, followed by 14 experimental trials (7 for each hand). Participants were permitted to take breaks when requested.
Data Collection
The tablet computer used had an 8.25 × 6.125 in (20.96 × 15.56 cm) screen size, with a resolution of 125 ppi, and pixel size of 0.008 × 0.008 in. (0.020 × 0.020 cm). The cursor was presented as a ball with a 5-pixel radius. The red line that was followed was 22 pixels in length and 6 pixels thick. The circular path was 400 pixels in diameter, with a 2-pixel thick line. The data collection software generated files containing the Cartesian coordinates of both the target and the stylus position over time. The sampling frequency was 31.25 Hz. This value was chosen taking into consideration the speed of the moving target and the pixel size to enhance the likelihood that individual pixels were sampled only once.
Data Processing
As Trial 1 was a practice trial, the analysis described here was performed for Trials 2 through 15 (7 trials for each hand, order randomized). The calculated measures of the tracing task were the absolute mean and variance of the error, the CI of the error signal, the PTTR, and the CMD. These measures are defined below and summarized in Table 1 .
If (x c , y c ) are the coordinates of the center of the circle and (x s , y s ) are the coordinates of the stylus at a recorded time point, then the instantaneous error at that time point is defined as where r is the radius of the circle (Figure 1c and d) . The error time series is then the sequence of instantaneous errors. To account for initiation and termination effects, the first and last quarter circle were removed. Thus, a total of 3.5 revolutions were analyzed. The absolute mean error was also computed.
The CI was calculated using the MSE method, described in detail elsewhere (5) . Briefly, the MSE method incorporates three steps: (a) deriving a set of coarse-grained time series that represent a system's dynamics over different time scales, (b) measuring the information content of each of these coarse-grained time series by using an entropy measure termed sample entropy (SampEn) (26) , and (c) integrating the SampEn values over a predefined range of scales to obtain a CI. SampEn is a conditional probability measure quantifying the likelihood that if a sequence of m consecutive data points matches (within a tolerance r) a template sequence of the same length, then the two will still match when their length increases from m to m + 1 data points. 
where x i with 1 ≤ j ≤ N is a data point from the original time series that comprises a total of N data points. The MSE curve was obtained by plotting the SampEn values for each coarse-grained time series as a function of scale. The CI was the area under the MSE curve calculated for a predefined range of scales. For this study, given the available length of the original error time series, we used n = 4 (6). Finally, we note that the MSE method was originally developed for the analysis of stationary time series. Spurious low complexity values can be obtained if the original signals are highly nonstationary. Therefore, before applying the MSE method, the error time series were detrended using a moving average window of 21 data points.
The target region was defined at each of the generated time points by computing the rays from the circle origin to the boundaries of the moving target (Figure 1b) . If the cursor, represented by the ball, touched or fell within the target region, the time point was considered within the region. The time increments associated with the cursor in and out of the target region were then summed to determine a total time in the target region, as well as to verify the total task time. The PTTR was then determined by dividing the total time in the region by the total task time.
Micropauses were defined as time intervals during which the position of the stylus did not change, thus
where (x, y) i and (x, y) i+1 are the stylus coordinates at time i and i + 1, respectively. The CMD is then the summation of the time increments associated with the repeated stylus coordinates. This parameter is limited only when the stylus location is not sampled frequently enough as pauses would be missed. If the data are sampled at higher rates, the CMD would not be affected.
Statistical Analysis
A mixed multifactorial repeated-measures analysis of variance using Systat 12 (SigmaPlot, Chicago, IL) was implemented to analyze the independent effects of age, sex, and handedness over the trials, as well as their interaction on the calculated measures. Age, sex, and handedness (dominant vs nondominant) were treated as between-groups factors, whereas trial was treated as the repeated-measures factor. For the analyses, hand was defined as dominant or nondominant, rather than left or right. The absolute mean and variance of the error, CI, PTTR, and CMD were each compared across age, sex, and handedness. Age was categorized into five groups, with each group spanning 15 years (21-35, 36-50, 51-65, 66-80, and 81-95 years). For these comparisons, significance was set at .05. A post hoc analysis was performed to examine the difference in the five age groups and within group with respect to dominant hand and sex. These comparisons were conducted using the Bonferroni adjusted level of significance.
To quantify possible correlations between the calculated measures with the Trail Making Test, separate linear least squares regressions were performed for each measure with 
Results
Description of Study Population
A summary of the participant demographics and clinical characteristics is presented in Table 2 . Overall participants reported they were in "Very Good" health and had a "Light" level of daily physical activity. Participants in this study had higher education levels than the average population and the Massachusetts population, the state in which the study was conducted (2000 U.S. Census).
Effect of Age, Handedness, and Sex on the Calculated Measures
The effects observed were independent of intrasubject variation as trial was included in the analysis as a repeated measure. Within subjects, the absolute mean error, CI, and CMD were significantly related to trial number (p < .0005). Trial was not statistically significantly related to the variance of the error (p = .083) or PTTR (p = .549). For the absolute mean error, post hoc comparisons showed a difference between the first trial and subsequent trials. However, this may be a spurious effect due to the Trial × Handedness effect (p = .002). When post hoc comparisons were made stratified by handedness, there was no significant effect of trial for the dominant hand; however, for the nondominant hand, there was a significant difference between the first and second times the task was performed (p < .0005). There was no significant difference for the nondominant hand for the absolute mean error between the second and subsequent times the task was performed. For CI, there was a significant increase in CI between the first and last performance of the task when post hoc comparisons were made. No clear trends were observable between trials for CMD when post hoc tests were performed. However, the fifth and sixth times the task was performed were found to have significantly lower values than the first time the task was performed. No other trials were significantly different after Bonferroni corrections were applied for the CMD measures.
Effect of age.-Highly significant differences were seen as a function of age group for all the calculated measures ( Figure 2) . Overall, increasing age showed increased absolute mean error, increased variance, decreased CI, decreased PTTR, and increased CMD.
Effect of handedness.-The effect of handedness was statistically significant for the error variance (p = .002, Figure 2d ) and the CI (p < .005, Figure 2f ). The variance of the error (Figure 2d ) was significantly different between hand for all groups except the oldest age group (p < .0005), with nondominant hand having a higher variance than dominant hand. CI was the only measure that showed a significant difference between dominant and nondominant hand for all age groups when post hoc comparisons were made (p < .0005). CI was higher for the dominant hand with respect to the nondominant hand. Absolute mean error, CMD, and PTTR showed no effect of handedness.
Effect of sex.-Although unanticipated, sex effects were observed in the absolute mean error and CI. Further, Age × Sex interactions were found in the absolute mean error (p = .023). There were no Age × Sex × Hand effects or Sex × Hand effects. When post hoc tests were performed, the absolute mean error (Figure 2a ) was significantly different between male and female participants only for the oldest age group. Significant sex differences were found for the youngest (21-35 years) and two oldest age groups (66-80, 81-95 years) for the CI (Figure 2e ). The variance of the error, CMD, and PTTR showed no effect of sex. Table 3 presents the relationship between the calculated measures and the Trail Making Test using a linear least squares regression with age, sex, and handedness as covariates. An increased Trail Making Test score (Trails A, Trails B, and Trails B -Trails A) was related to an increased absolute mean error, increased variance, decreased CI, decreased PTTR, and increased CMD. Although significant relationships were observed, the linear regressions did not explain the majority of variance within the data, with R 2 values ranging from 0.212 to 0.416. 
Relationship Between Trail Making Test Scores and Calculated Measures
Discussion
This study examined the recorded stylus position during a visuomotor-tracing task in a healthy population as a proof of concept for clinical applications. The recorded time series were quantified using the absolute mean and variance of the error, CI, PTTR, and CMD. As a surrogate for neurological impairment, we examined the task performance of the dominant and nondominant hands. We hypothesized that with aging and use of the nondominant hand (a) the absolute mean and variance of the error would increase, (b) CI would decrease, (c) PTTR would decrease, and (d) CMD would increase. To our knowledge, this study is the first to quantify the effects of age, sex, and handedness on the time-series dynamics obtained during a simple rotary pursuit task.
All calculated measures showed significant effects of age. The measures changed across age group as hypothesized: absolute mean and variance of the error increased, CI decreased, PTTR decreased, and CMD increased. These results are consistent with previous studies that have shown (17, (23) (24) (25) (26) . Although the variance of the error and the CI showed a significant difference between dominant and nondominant hand, only the CI showed a significant difference within each age group when post hoc tests were performed. CI of the error time series was lower for the nondominant hand than the dominant hand. Thus, these data are consistent with a previous arm-reaching study (24) showing no effect of handedness on final position accuracy within age groups. A limitation to the measure of variation is that it only includes information about the time series at one scale, whereas physiological control mechanisms normally operate over many time scales (4). Thus, determining the mean variation for each trial neglects potential differences in microerror kinematics across scales, which was quantified by the CI measure in our study. A sex effect was observed in the absolute mean error and the CI; however, when post hoc tests were performed, significant sex differences were only found in the oldest age group (81-95 years) for the absolute mean error and for the youngest (21-35 years) and two oldest groups (66-80 and 81-95 years) for the CI. Sex distinctions in the older age groups could be a function of differences in neuromotor performance as male and female participants age (eg, see Ref. (30)), or could result from differences in education level, activity, and social status in these groups as seen in previous studies of cognitive functioning (31) .
Because neuromotor control relies on executive function, correlations were assessed between the calculated measures of the visuomotor-tracing task with Trails A, Trails B, and the difference between Trails B and A, which are clinical measures of executive function. Although all calculated measures showed significant relationships with the Trail Making Test when considered separately, the linear regression did not capture the majority of variability within the data. Participants in this study were self-reported to be healthy, active individuals. However, it is important to note that this population was, in general, more educated than the standard U.S. or Massachusetts populations (2000 U.S. Census). It is well known that the Trail Making Test has education effects (28) . Specifically, Trails A performance is unaffected by education, whereas Trails B is affected. Thus, future work should examine strengthening the model to predict performance by specifically incorporating education, along with other potential confounders.
This tracing task and associated performance metrics have the potential to provide a quantitative assessment in a variety of clinical contexts. However, it is important to note that the task does not have specificity. That is, although a number is obtained that can show the differences in performance between various individuals or conditions, the task does not currently specify the reason for the changes in performance. For the purposes of this study, only a selfreported healthy population was included. By expanding the study to different populations (ie, certain pathologies, drug prescriptions, or interventional therapies), it may be possible to examine the time series for more specific indicators of disease or disability. Given the intrasubject variation of repeated trials on some calculated measures (absolute mean error, CMD, and CI), the optimum number of trials for a clinical test using these measures needs to be determined. Further, this study examined measures obtained during only one visit. In order to determine the intrasubject test-retest reliability across multiple visits, additional studies will be necessary.
Conclusions
Visuomotor abnormalities are common in aging and age-related disease, yet difficult to quantify and use to predict outcomes. The task and calculated measures developed here have the potential to become a quantitative assessment tool, with the ability to compare changes over time to determine how the patient progresses through healing, rehabilitation, and training. This study demonstrated that the calculated measures selected are sensitive to age and handedness, as well as having statistically significant relationships with the Trail Making Test. This task could potentially provide an improved predictor of falls or cognitive decline. The next step for the development of this task into a diagnostic tool is to expand data collection from a healthy population to a diseased or injured population with neuromotor impairments (eg, Parkinson's disease, cerebral palsy, stroke, multiple sclerosis, concussion, traumatic brain injury, etc.). In this manner, we can assess if the calculated measures can be used to characterize specific pathophysiological conditions, quantitatively assess the progression of aging effects, and possibly determine the impact of therapeutic interventions.
